Heparin and heparan sulfate biosynthesis.
Heparan sulfate is one of the most informationally rich biopolymers in Nature. Its simple sugar backbone is variously modified to different degrees depending on the cellular conditions. Thus, it matures to have an enormously complicated structure, which most likely exhibits a considerable number of unique overlapping sequences with peculiar sulfation profiles. Such sequences are recognized by specific complementary proteins, which form a huge group of "heparin-binding proteins," and the sugar sequences in turn support unique functions of the respective proteins through specific interactions. The heparan sulfate sequences are not directly encoded by genes, but are created by elaborate biosynthetic mechanisms, which ensure the generation of these indispensable sequences. In heparan sulfate biosynthesis, the tetrasaccharide sequence (GlcA-Gal-Gal-Xyl-), designated the protein linkage region, is first assembled on a specific Ser residue at the glycosaminoglycan attachment site of a core protein. A heparan sulfate chain is then polymerized on this fragment by alternate additions of GlcNAc and GlcA through the actions of glycosyltransferases with overlapping specificities encoded by the tumor suppressor EXT family genes. Then follow various modifications by N-deacetylation and N-sulfation of glucosamine, C5-epimerization of GlcA and multiple O-sulfations of the component sugars. Recent studies have achieved purification of several, and molecular cloning of most, of the enzymes responsible for these reactions. Some of these enzymes are bifunctional. The availability of cDNA probes has facilitated elucidation of the crystal structures for two of the biosynthetic enzymes, demonstration of their intracellular location, and their occurrence in complexes to achieve rapid and efficient synthesis of complex sugar sequences. Genomic structure and transcript analysis have shown the existence of multiple isoforms for most of the sulfotransferases. Many aspects of the heparan sulfate biosynthetic scheme are shared by the structural analog heparin, which is synthesized in mast cells and some other mammalian cells and is several-fold higher degree of polymerization and more extensive modification than heparan sulfate.